Purpose -In the trend from mass production to mass customization, more flexible production systems are required. In clothing field, many studies about automatization of sewing processes have been done to product small amount of various kinds of products. Here, a versatile guiding mechanism of a cloth for automatic sewing system is proposed.
Introduction
Nowadays, we can obtain clothing at a low price owing to mass production and mass consumption. On the other hand, many consumers are looking for unique clothing. Flexible manufacturing processes for clothing are required to respond to the demand of consumers at a reasonable cost. Development of automatic sewing system is required to realize the flexible manufacturing processes.
About two decades ago, a project of automatic sewing system of Ministry of International Trade and Industries had started in Japan. In the project, many instruments developed, such as a small sewing machine that was attached to a robot arm and could sew in 3D space, a robot could pick up a sheet of fabric from a pile or an instrument with many needles that could pick up a sheet of fabric and so on. Most of the instruments were designed for a single process, and they couldn't adapt to the wide variety of cloths.
Because of this, most of the instruments were not introduced to manufactures.
We focused on an automatic sewing system for sewing processes and aimed at a simple and versatile system. Some of sewing processes are straight stitch and others are curved one, and for curved stitch, guiding a cloth is very important. In sewing processes, operator of sewing machine guides a cloth to be fed constantly so that it is not necessary to change sewing conditions. Guide of a cloth in sewing processes have to be controlled according to the properties of the cloth, and operator of sewing machine actualizes unconsciously. As a first step, the purpose of this study is to guide a cloth to form fine curved stitch by considering characteristics of each cloth.
A guiding mechanism.
In the sewing processes of a shirt manufacturing company, it was observed that a skilled worker formed curved stitch rotating a cloth around a point at which he was holding a cloth with his fingers. With reference to the sewing processes, we constructed a mechanism that held a cloth with a solenoid at a point beside a differential feed cog. A cloth was rotated around the point and curved stitch was formed. The sewing machine utilized in this study was for domestic use, and the sewing speed for the experiment was about 600 stitches per minute. The mechanism with solenoid held a cloth only at a point, and the cloth was hardly applied excess force and was not deformed. A widely used bush type solenoid was utilized for the mechanism to hold a point on a cloth. When the solenoid was applied a voltage, an iron core of 3mm stroke stuck out and collided with a base. The vertical load applied by the iron core was enough to hold tightly the cloth. A driving circuit for the solenoid was assembled and interfaced with a PC.
When curved stitch was formed with the guiding mechanism, deformation of a cloth appeared in front of the holding point, and prevented an accurate control of a cloth. We decided to add a roller to the system that applied tension to the cloth to avoid deformation. The roller was made of polyurethane, width 10mm, diameter 30mm and notched on the surface. This type of roller was expected that the greater frictional force could be obtained compared to normal type of rollers. The solenoid was arranged at the position 70mm left side of a sewing needle. The appearance of the cloth guiding mechanism with solenoid is shown in Figure1, and the arrangement of the sewing needle, the solenoid and the roller is shown in Figure 2 . To avoid the deformation of a cloth and to enable sewing curved stitch around the holding point, a roller was added to the cloth guiding mechanism.
Taken in Figure 1 Taken in Figure 2 
Sewing Problems
The pressure of the roller had to be controlled at a proper magnitude. The roller was pressed on a cloth and revolved to apply a tension to the cloth for avoiding deformation. In case of the magnitude of the tension was large, deformation of the cloth was observed. Conversely, when the magnitude of the pressure by the roller was small, a cloth slipped and could not be rotated properly.
Cloth has anisotropic mechanical characteristics, and those might affect so much the curvature of the sewing trajectory. Measurement was carried out to investigate the relationship between the difference of mechanical properties of a cloth in various directions and sewing trajectories. Here, we call the direction of a cloth "warp" when warp direction is the same as the direction of a line that connects the solenoid and the roller, and we call the direction of a cloth "bias" when bias direction of the cloth is the same as the direction of the line. We call it "warp start" that the cloth is directed to the "warp" direction or call it "bias start" if the cloth is directed to the "bias" direction when sewing starts. Experiments were carried out to investigate the difference of the sewing trajectories under the conditions of the "warp start" or the "bias start". The trajectories are shown in Figure 3a and 3b.
Taken in Figure 3a and 3b
It was revealed that in the both conditions of the "warp start" and the "bias start", a sewing trajectory was displaced to the inside of the desired trajectory when the cloth directed to the "bias" direction. Figure 4 shows the fluctuations of the radius of curvature of the sewing trajectory. It was confirmed that the curvature of the trajectory was not constant in both conditions of the "warp start" and the "bias start". The fluctuation was periodic and the phase was shifted according to the "warp start" or "bias start". Figure 4 The reason of the fluctuation was the growth of a wrinkle on a cloth between two points, solenoid and roller as shown in Figure 5 . The mechanical characteristics of a cloth are different according to directions. A cloth is much more easily stretched in bias direction than in other directions, and a wrinkle grew only when a cloth was directed to "bias", if the tension applied to a cloth between the two points was constant. It might affect the fluctuation of the radius of curvature of the sewing trajectory.
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Taken in Figure 5 A simple measurement was carried out to estimate the magnitude of the force when the wrinkle grew. Five sample cloths were used for the measurement. A point on a cloth was fixed then a tension was applied at another point, and the tension was measured. Distance between two points was the same as the distance between the solenoid and the roller, the magnitude of the tension when displacement was 10mm and 20mm are shown in table I. As the tension was manually measured with a spring balancer, the results were not so precise, but the comparison between cloths might be possible. The wrinkle grew easily in order of the cloth No. 2, No. 1, No. 5, No. 3 and No. 4 . From the comparison of the results and the properties measured with KES instruments, this deformation seemed to be most related with shearing property.
Taken in Table I The growth of the wrinkle should be prevented because the wrinkle brought about a failure of sewing processes. To avoid the growth of the wrinkle, it was necessary to control the tension properly not to stretch the cloth in "bias" direction because it was the cause of inaccurate cloth guiding. To perform this control, relationship between the properties and the deformations of cloths had to be clear. Table II 4. A combined mechanism
The growth of the wrinkle prevented to form fine stitch while sewing a cloth with a guiding mechanism consisted of a solenoid and a roller. To avoid the deformation of a cloth, it was necessary to decrease a tension applied to a cloth in "bias" direction. On the other hand, when the tension was small in every direction of the cloth, the correction of the deformation around the holding point could not be performed in "warp" or "weft" direction. The tension between the holding point of the cloth and the roller had to be controlled properly according to the direction of a cloth while sewing. To control this tension, it was required to add some controllable vertical sliding mechanism to the roller. A DC solenoid was utilized to control the roller pressure. The pressure of an iron core of a solenoid could be controlled regulating the magnitude of the voltage applied to the solenoid. The roller was connected at one end of the solenoid and a shaft was put through a linear bush prepared beside the solenoid to fix the revolving direction of the roller.
The weight of the roller part was applied to the solenoid. The returning spring of the solenoid was changed to stiffer one so that the roller part did not drop when the solenoid was not applied a voltage. As the frictional coefficient was changed according to the pressure of the solenoid, it was necessary to determine the relationship between the applied voltage and the tension that the roller with solenoid exerted on a cloth.
The force of the iron core pushing out from the solenoid could be adjusted by the voltage depending on the direction of a cloth. The same control system was utilized for this mechanism as the one used for the solenoid to hold a cloth. Figure 6 shows the appearance of the device. Figure 6 The relationship between the tension on a cloth and the applied voltage to the roller of the combined mechanism was observed. The tension was measured three times and averaged as a result as shown in Figure 7 . Hysteresis was observed and this should be taken into account to control the mechanism. The sewing experiments were performed with this combined guiding mechanism. Each experiment was started from the "warp start" condition. The point where the solenoid was holding a cloth was located as the same position 70mm from the sewing needle as before. The solenoid of 3mm stroke and the maximum load of about 58gf per 10mm of roller width connected to the roller. This maximum load was strong enough to avoid slack of the cloth, but in the "bias" direction, the tension caused by the load of the solenoid connected to the roller was so strong that a wrinkle grew. To avoid the growth of a wrinkle, the voltage applied to the solenoid was controlled on the basis of the mechanical properties and the direction of the cloth. The load for the optimal trajectory was obtained for each cloth, with the experiments varying the voltage applied to the solenoid. The timing of the increase or decrease of the voltage was symmetry about the time when the cloth is in "bias" direction. The value and the timing of the voltage change was different owing to the mechanical properties of the cloth. Utilizing the relationship between the voltage and the load, the relationship of the direction of cloth versus the load was derived. The comparison of the radius of curvature is shown in Figure   8 in the two conditions that the voltage applied to the solenoid was controlled and not controlled. It is shown in the graph that the fluctuation of the curvature was smaller in the case with control compared to the case without control. The order of the magnitude of the load to keep the proper tension of the cloth was the sample No.2, 1, 5, 3 and 4 from the smallest one, and the correlation coefficient between the load and the shear coefficient of the cloth was 0.98. About the sample No.1 and 2, the coefficient of shear did not differ so much but a great difference was observed in the results of the experiments. The friction between the cloth and the roller was examined, as the properties such as surface friction might be related to this difference. In the measurements, the roller revolving at a constant speed was pressed on each cloth to examine the friction.
The cloth was pulled to the contrary direction to the revolution of the roller with a spring balancer, to keep the cloth halt. The tension was measured when the movement of the cloth was balanced. The approximate relationship shown in Table III This was thought to be a reason that the less vertical load was required for the cloth No.2 than the cloth No.1 in the bias direction. When the direction of the roller was in the "bias" direction of a cloth, the magnitude of the tension should be as small as the cloth did not slacken. The shear and the surface properties of the cloth were thought to be much related to the wrinkle which grew when the tension between the solenoid and the roller was large. To control the load applied to a cloth, shear property, surface unevenness and surface frictional force should be taken into consideration. The load of the roller connected to the solenoid should be decreased as the shearing stiffness was smaller and the surface of cloth was smoother.
Taken in Figure 7 Taken in Figure 8 Taken in Table III   Conclusion We developed a guiding mechanism for processes of curved stitch. The mechanism was consisted of a solenoid and a roller. In the sewing process, a cloth was fed by a sewing machine, and the solenoid held a point on a cloth to form curved stitch. A roller was utilized to avoid deformations when the stitches were formed. The sewing trajectory was distorted for some cloths because of deformations. It was confirmed that the deformations were owing to the mechanical properties of a cloth. We succeeded to depress the deformations and obtained correct trajectory by the control of the pressure of the rollers. Table I . Magnitude of the tension applied to a fabric in bias direction Table II . Mechanical properties of sample fabrics Table III . The relationship between the pressure applied to roller and the tension applied to the fabric 60  40  20  10  tension gf  1  120  50  10  5  2 160  80  20  10  3 130  60  20  5  4 120  60  20  10  5 120  50  20  10   Table III . The relationship between the pressure applied to roller and the tension applied to the fabric
